Introduction {#s1}
============

The human sense of smell serves a variety of important functions in everyday life ([@bib14]; [@bib34]; [@bib114]). It is used to monitor the safety of inhaled air ([@bib130]) and edibility of food ([@bib181]). It also strongly impacts our social and emotional lives ([@bib35]; [@bib37]; [@bib49]; [@bib51]; [@bib103]; [@bib168]; [@bib167]). Thus, the brain must extract different types of information from odor stimuli, including information about the identities of objects and foods, environmental hazards, and social and emotional cues. These functions are likely carried out by distinct cortical networks within the olfactory system, yet the organization of these functional networks is not fully understood.

This incomplete understanding is due partly to ambiguity about the anatomical and functional properties of the cortical targets of human olfactory bulb projections. Collectively, these areas are commonly referred to as primary olfactory cortex ([@bib18]; [@bib43]; [@bib61]; [@bib111]; [@bib136]) (although see [@bib176]; [@bib66]; [@bib21] and others for discussions of the accuracy of this definition of the pirmary olfactory cortex). In humans, this includes the anterior olfactory nucleus, the olfactory tubercle, the frontal and temporal piriform cortices, and subregions of both the amygdala and entorhinal cortex ([@bib3]; [@bib40]; [@bib57]; [@bib82]; [@bib115]). The fact that the olfactory bulb simultaneously projects directly to a number of structures suggests parallel functional pathways in the olfactory system ([@bib66]; [@bib94]), but the distinct roles of these primary olfactory areas and their functional pathways are not fully understood ([@bib10]; [@bib60]; [@bib59]; [@bib58]; [@bib73]; [@bib108]; [@bib107]; [@bib155]; [@bib154]; [@bib184]). Additionally, the olfactory system is organized differently than other sensory systems, which contain pre-cortical thalamic relays, further suggesting a deeper understanding of the organization of olfactory networks in the human brain is warranted.

The vast majority of research on primary olfactory cortex has focused on piriform cortex, which is the largest recipient of bulbar projections. Most of this research has been conducted in rodents, where piriform cortex is divided into anatomically and functionally distinct anterior and posterior subdivisions ([@bib17]; [@bib64]; [@bib67]; [@bib158]; [@bib180]). In humans, the anatomy and functionality of piriform cortex is less understood. Although it can be divided into frontal- and temporal-lobe subregions ([@bib110]; [@bib165]; [@bib182]; [@bib3]), whether these correspond to rodent anterior and posterior subdivisions is unclear. While neuroimaging studies have pointed to functional heterogeneity within human piriform cortex ([@bib11]; [@bib46]; [@bib58]; [@bib73]; [@bib75]; [@bib108]; [@bib134]; [@bib147]; [@bib185]; [@bib184]), its anatomical and functional distinctions are still not clearly defined.

While numerous rodent and human studies have focused on piriform cortex, far fewer have examined other primary olfactory structures, such as the anterior olfactory nucleus and the olfactory tubercle. These structures have been anatomically well-defined in rodents ([@bib5]; [@bib67]; [@bib149]), primates ([@bib18]), and humans ([@bib3]; [@bib40]; [@bib110]), but their roles in olfactory processing are not fully understood in any of these species ([@bib50]; [@bib174]). Recent rodent data suggest that the anterior olfactory nucleus may be involved in odor memory ([@bib6]; [@bib123]) and localization ([@bib97]), and the olfactory tubercle may play an important role in multisensory integration and attention ([@bib173]; [@bib184]), although a complete understanding of the functions of these areas is lacking.

Previous studies have used task-related and resting functional magnetic resonance imaging (fMRI) to examine olfactory networks, using primary olfactory and orbitofrontal cortices as seed regions ([@bib8]; [@bib19]; [@bib45]; [@bib93]; [@bib91]; [@bib99]; [@bib102]; [@bib104]; [@bib122]; [@bib157]; [@bib160]). These studies have contributed important broad knowledge of parallel olfactory networks ([@bib91]), how they compare to trigeminal networks ([@bib93]), and how they change with age ([@bib169]) and disease ([@bib15]; [@bib45]; [@bib98]; [@bib160]; [@bib170]; [@bib171]). However, the functional connectivity profiles of the primary olfactory subregions have not been considered separately. This is important because these subregions, which receive direct and parallel input from the bulb, likely form the anatomical substrates of ethological, parallel olfactory networks. Therefore, a quantitative characterization of the distinct functional pathways of human primary olfactory subregions would be an important step toward understanding the large-scale networks that underlie the basic, parallel, purposes of olfactory processing. The discovery of unique whole-brain connectivity profiles for the different primary olfactory subregions could also provide insight into the nature of the distinct functions of these areas in olfactory perception. This information, in turn, could have clinical implications for diseases that impact particular primary olfactory subregions.

Thus, the goals of this study were two-fold: first, to test the hypothesis that primary olfactory subregions form distinct large-scale olfactory processing networks; and second, if so, to characterize these networks across the whole brain. For the first, we used well-established, unsupervised k-means clustering techniques ([@bib36]; [@bib88]; [@bib89]; [@bib172]), to parcellate primary olfactory cortex into distinct clusters based solely on whole-brain connectivity patterns. We reasoned that if whole-brain functional connectivity patterns alone could be used to accurately parcellate primary olfactory cortex into its established, anatomically-defined subregions, this would suggest that these subregions do in fact form distinct functional pathways. We also reasoned that if these parcellation results were robust, the results should replicate in an independent data set. For the second, we characterized the distinct functional connectivity patterns of each primary olfactory subregion in order to produce a whole-brain map of the networks formed by each area. Our results provide insight into the functional and anatomical organization of the human olfactory system and provide a basis for future investigation into the functions of the distinct cortical targets of the olfactory bulb.

Results {#s2}
=======

We used resting-state fMRI connectivity to examine the functional pathways of human primary olfactory cortex in two main steps. First, we used k-means clustering techniques to parcellate primary olfactory cortex into distinct clusters. These clusters were based on the group-level, whole-brain functional connectivity of all voxels within primary olfactory cortex, separately for each hemisphere. Second, using the results of the parcellation analysis, we characterized the distinct, large-scale networks of the human olfactory system. To do this, we first determined that there were no hemispheric differences in the connectivity profiles of primary olfactory subregions, suggesting we should combine corresponding clusters across the left and right hemispheres. We then quantified the whole-brain functional networks that were unique to each subdivision, and those that were common to all subdivisions. Finally, as a discussion point, we considered the functional properties of connected brain areas for each primary olfactory subdivision and attempted to form a speculative hypothetical model of human olfactory functional networks.

Parcellation of human primary olfactory cortex {#s2-1}
----------------------------------------------

To test the hypothesis that primary olfactory subregions form distinct, large-scale olfactory networks, we tested whether their anatomical boundaries could be accurately delineated based on whole-brain functional connectivity maps. To do this, we conducted a functional-connectivity-based parcellation of human primary olfactory cortex. Twenty-five subjects (average ± standard error age: 25.5 ± 1.2 years; 14 female) underwent a 10 min resting-state fMRI scan. We first outlined the entirety of primary olfactory cortex into a combined region-of-interest (ROI) on which to perform the k-means clustering analysis. This ROI was drawn for the left and right hemispheres separately, according to a human brain atlas which contains detailed demarcation of most primary olfactory areas ([@bib110]; [@bib127]) ([Figure 1A](#fig1){ref-type="fig"}). The ROI included only those subregions with detailed boundaries in the atlas, and consisted of a combination of the anterior olfactory nucleus, olfactory tubercle, and frontal and temporal piriform cortices ([Figure 1B](#fig1){ref-type="fig"}), defined based on [@bib110]. Note that additional primary olfactory areas, including amygdala and entorhinal cortex ([@bib3]; [@bib18]; [@bib40]; [@bib57]; [@bib183]), were not included in our ROI because the exact location of olfactory afferents into these areas is poorly understood ([@bib57]). This is an important topic for future investigation of human olfactory networks.

![Region of interest.\
(**A**) Panels show examples from the human brain atlas used to define the region of interest used in the parcellation analysis. Relevant areas include the anterior olfactory nucleus (AON), olfactory tubercle (TUB), and frontal (PirF) and temporal (PirT) piriform cortex ([@bib110]). (**B**) The region of interest shown overlaid on the FSL's MNI152_T1_1mm_brain. The coronal and axial slices correspond to the vertical and horizontal lines on the sagittal slice respectively. R, right hemisphere.\
10.7554/eLife.47177.003Figure 1---source data 1.Relates to [Figure 1](#fig1){ref-type="fig"}.Atlas and region-of-interest of the human primary olfactory cortex.](elife-47177-fig1){#fig1}

We then estimated the whole-brain functional connectivity profile of each voxel within the ROI by computing the Pearson correlation coefficient between the resting-state fMRI time-series of a given voxel and that of every other voxel in the rest of the brain. This resulted in subject-wise connectivity matrices. We then performed a leave-one-out analysis ([@bib88]) to estimate the stability of the connectivity profiles of individual primary olfactory cortex voxels across participants, as a prerequisite for averaging the connectivity matrices across subjects ([Figure 2A](#fig2){ref-type="fig"}). To examine the similarity between the individual functional connectivity matrices, we computed a histogram of correlation values between individual matrices and the group matrix. The histogram of correlation values showed that the similarity of connectivity patterns was above zero in all voxels in primary olfactory cortex (mean correlation coefficient: 0.19, standard error: 0.0041), justifying averaging across subjects. Note that because they are computed across rest-of-the-brain voxels, *R* values larger than 0.0088 are statistically significant at p\<0.05 (Bonferroni corrected for the number of voxels in primary olfactory cortex). To parcellate within-ROI voxels into subdivisions based on their whole-brain functional connectivity profiles, we applied unsupervised k-means clustering methods to the average connectivity matrix. We used a priori k = 4 based on the fact that our ROI was comprised of four anatomically distinct brain regions. For both the left and right hemispheres, this analysis successfully parcellated the primary olfactory cortex ROI into four distinct brain regions that corresponded anatomically to the anterior olfactory nucleus, olfactory tubercle, and frontal and temporal piriform cortices ([Figure 2B](#fig2){ref-type="fig"}).

![Parcellation of human left and right primary olfactory cortex.\
(**A**) Inter-subject stability of functional connectivity patterns. The correlation of the functional connectivity patterns between each subject and all other subjects was calculated for each voxel using a leave-one-out method. The coronal slices, corresponding to the vertical lines on the sagittal slice, show the average stability map. The bar plot shows the histogram of the correlation values. (**B**) k-means (k = 4) clustering results shown on the FSL's MNI152_T1_1mm_brain. The right column shows one axial and one coronal slice of the Atlas ([@bib110]). (**C**) Parcellation accuracy of each subregion. Left column: proportion of voxels from each parcellation subdivision located within each anatomical subregion. Right column: z score of the proportion maps. \* indicates p\<0.001 (false discovery rate corrected). R, right hemisphere; AON, anterior olfactory tubercle; TUB, olfactory tubercle; PirF, frontal piriform cortex; PirT, temporal piriform cortex.\
10.7554/eLife.47177.008Figure 2---source data 1.Relates to [Figure 2](#fig2){ref-type="fig"}, panel (**A**).Correlation between individual and group-level (leave-one-out) connectivity profiles.\
10.7554/eLife.47177.009Figure 2---source data 2.Relates to [Figure 2](#fig2){ref-type="fig"}, panel (**B**) and (**C**).Manual segmentation and parcellation of the human primary olfactory cortex.](elife-47177-fig2){#fig2}

To confirm the correspondence between our parcellation results and the anatomical delineation of primary olfactory subregions in the Atlas of the Human Brain ([@bib110]), we computed the proportion of voxels from each parcellation cluster located within each of the atlas-derived subdivisions, drawn prior to performing the parcellation analysis ([Figure 2B](#fig2){ref-type="fig"}). The statistical significance of this proportion was tested using a permutation test. Specifically, for each permutation, we shuffled the labels of the anatomical subdivision and re-calculated the proportion. This procedure was repeated 10,000 times, resulting in a distribution of permuted proportions for each parcellation cluster. A z score of the actual proportion values was computed by subtracting the average and then dividing by the standard deviation, which was obtained by normal distribution fitting of the permuted data (Matlab's *normfit*). We found that for each parcellated subdivision, there was one anatomical ROI that contained significantly more voxels than the other anatomical ROIs ([Figure 2C](#fig2){ref-type="fig"}, minimal z score = 7.18). Thus, we found that the location of voxels within each parcellated subdivision corresponded to a single anatomically-determined ROI. Specifically, the medial-rostral-most parcellated subdivision corresponded to the anterior olfactory nucleus. The adjacent caudal subdivision corresponded to the olfactory tubercle. Within the frontal lobe, the lateral-rostral subdivision corresponded to the frontal piriform cortex, and within the temporal lobe, the caudal-most subdivision corresponded to temporal piriform cortex.

Replication of parcellation results {#s2-2}
-----------------------------------

To confirm the robustness of our parcellation results, we performed two control analyses aimed at replicating the initial findings. First, we performed the k-means clustering analysis on a different ROI of primary olfactory cortex, drawn independently by one of the co-authors of this paper. Second, we performed the k-means clustering analysis on an independent data set (N = 53), collected for a previous study on a different scanner, with different acquisition parameters and different subjects ([@bib89]).

In the first control analysis, performed on an independently drawn ROI, we found that k-means clustering still successfully parcellated primary olfactory cortex into four distinct regions, corresponding anatomically to the anterior olfactory nucleus, olfactory tubercle, and frontal and temporal piriform cortices ([Figure 2---figure supplement 1A,B](#fig2s1){ref-type="fig"}). In our second control analysis, performed on an independent data set, we found that, again, primary olfactory cortex successfully parcellated into the same four distinct regions ([Figure 2---figure supplement 1C,D](#fig2s1){ref-type="fig"}). Importantly, all analysis steps performed on this independent data set were identical to those performed in our initial analysis. These results suggest good reliability of our finding that human olfactory cortex can be accurately parcellated based on whole-brain functional connectivity patterns.

Parcellation results across hemispheres and k values {#s2-3}
----------------------------------------------------

Thus far, we demonstrated that both the left and right primary olfactory areas can be accurately subdivided based on their functional connectivity profiles. To further examine differences between the left and right hemispheres and at different k values, we conducted additional parcellation analyses using a single primary olfactory ROI containing all subregions from both hemispheres, at a range of k values. We reasoned that if connectivity patterns were similar across hemispheres for each subregion, then parcellation analysis of this combined ROI should group left and right sides of each primary olfactory subregion, as opposed to grouping, for example, the neighboring subregions on the same hemisphere. We computed this analysis using k values ranging from 3 to 6 ([Figure 3](#fig3){ref-type="fig"}). We found that for a k value of 3, the parcellation analysis grouped left and right anterior olfactory nucleus and left tubercle as one cluster, left and right frontal piriform cortex and left temporal piriform cortex as a second cluster, and right temporal piriform cortex alone as the third cluster. For a k value of 4, the analysis successfully grouped left and right hemispheres for both piriform subregions, but it grouped left anterior olfactory nucleus with left olfactory tubercle and right anterior olfactory nucleus with right olfactory tubercle, suggesting these two primary olfactory areas have relatively more lateralized connectivity patterns. A k value of 5 grouped the left and right hemispheres of all subregions, with a fifth cluster consisting of only right temporal piriform cortex. Finally, a k value of 6 grouped all subregions across hemispheres except for the anterior olfactory nucleus. These results indicate a clear separation of frontal and temporal piriform cortex for a wide range of cluster solutions and even across hemispheres ([Figure 3A](#fig3){ref-type="fig"}). All parcellation results showed good agreement with the anatomical subregions ([Figure 3B,C](#fig3){ref-type="fig"}). Of note, the anterior olfactory nucleus and olfactory tubercle are classified as one subregion for a clustering solution of k = 3. The left and right anterior olfactory nucleus were separated into different subregions for k = 4, 6. These findings suggest stronger lateralization of connectivity patterns for the anterior olfactory nucleus compared to other primary olfactory areas.

![Parcellation of primary olfactory cortex combined across left and right hemispheres.\
(**A**) k-means clustering results shown on the FSL's MNI152_T1_1mm_brain for k = 3 to 6. Each color represents one cluster. (**B**) Proportion of voxels of each parcellation subdivision within each anatomical subregion. (**C**) z score of the proportion maps in panel B. \* indicates p\<0.001 (false discovery rate corrected). L, left hemisphere; R, right hemisphere; AON, anterior olfactory tubercle; TUB, olfactory tubercle; PirF, frontal piriform cortex; PirT, temporal piriform cortex.\
10.7554/eLife.47177.011Figure 3---source data 1.Relates to [Figure 3](#fig3){ref-type="fig"}.Parcellation result (k = 3 to 6) of left and right hemispheres combined ROI.](elife-47177-fig3){#fig3}

Primary olfactory cortical functional connectivity does not statistically differ between hemispheres {#s2-4}
----------------------------------------------------------------------------------------------------

Our next step was to examine the whole-brain functional connectivity profiles of the different primary olfactory subregions. Prior to performing this analysis, we first determined whether to use hemispherically combined clusters, or hemispherically distinct clusters. We reasoned that if connectivity profiles of left and right primary olfactory areas did not statistically differ, then they should not be analyzed separately. We therefore conducted a lateralization-index analysis to directly statistically compare connectivity patterns across hemispheres. The lateralization index was defined as (Z~left~ -- Z~right~)/(Z~left~ + Z~right~), where Z~left~ and Z~right~ were the functional connectivity maps for the left and right seed regions, respectively. We found no statistically significant difference between whole-brain connectivity maps for the corresponding left and right primary olfactory subregions ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}) (threshold-free cluster enhancement (TFCE) corrected p\>0.001). Based on this result, all proceeding analyses were conducted using combined ROIs of corresponding left and right subregions.

Distinct whole-brain human olfactory networks {#s2-5}
---------------------------------------------

The fact that primary olfactory subregions were accurately anatomically parcellated based on their functional connectivity profiles suggests that they form distinct, parallel olfactory networks. To examine these functional networks, we produced whole-brain maps of the non-overlapping brain areas exhibiting functional connectivity with each subregion. To do this, we first applied a statistical threshold to the whole-brain functional connectivity map for each subregion (TFCE corrected p\<0.001), and binarized them (assigned a value of 1 or 0). This resulted in four distinct whole-brain maps. We then further masked them according to whether each voxel exhibited statistically significant functional connectivity with a single subregion or with multiple subregions. This produced two maps of functional connectivity: one with the unique connectivity patterns for each subregion, and the other with connectivity patterns shared by multiple subregions. The complete list of areas showing subregion-specific connectivity is contained in [Table 1](#table1){ref-type="table"}.

10.7554/eLife.47177.012

###### Summary of functional connectivity results.

10.7554/eLife.47177.013Table 1---source data 1.Functional connectivity profile of each subregion.

                                         Volume (mm^3^)                        
  -------------------------------------- ---------------- ------ ------ ------ ------
  Frontal Orbital Cortex                 2592             3000   144    \-     1048
  Frontal Medial Cortex                  992              1120   \-     \-     \-
  Cingulate Gyrus                        2760             200    80     2304   \-
  Insular Cortex                         384              496    \-     224    832
  Subcallosal Cortex                     3632             616    \-     \-     \-
  Caudate                                136              120    \-     2024   \-
  Paracingulate Gyrus                    1336             \-     2600   \-     \-
  Parahippocampal Gyrus                  296              \-     464    \-     2584
  Temporal Pole                          328              \-     \-     \-     9184
  Putamen                                1368             \-     \-     3376   96
  Hippocampus                            1176             \-     \-     136    1448
  Amygdala                               2120             \-     \-     \-     \-
  Accumbens                              336              \-     \-     \-     \-
  Planum Polare                          \-               248    \-     \-     480
  Frontal Pole                           \-               2792   1504   \-     736
  Temporal Fusiform Cortex               \-               688    352    \-     1240
  Inferior Frontal Gyrus                 \-               208    \-     \-     \-
  Inferior Temporal Gyrus                \-               1224   \-     \-     248
  Heschl\'s Gyrus (includes H1 and H2)   \-               80     \-     \-     208
  Planum Temporale                       \-               104    \-     \-     96
  Brainstem                              \-               \-     592    \-     6056
  Thalamus                               \-               \-     120    1384   \-
  Pallidum                               \-               \-     \-     504    \-
  Precentral Gyrus                       \-               \-     \-     1616   \-
  Postcentral Gyrus                      \-               \-     \-     216    296
  Frontal Operculum Cortex               \-               \-     \-     128    336
  Central Opercular Cortex               \-               \-     \-     224    376
  Supramarginal Gyrus                    \-               \-     \-     808    \-
  Juxtapositional Lobule Cortex          \-               \-     \-     1104   \-
  Superior Frontal Gyrus                 \-               \-     \-     \-     128
  Temporal Occipital Fusiform Cortex     \-               \-     \-     \-     344
  Superior Temporal Gyrus                \-               \-     \-     \-     1464
  Middle Temporal Gyrus                  \-               \-     \-     \-     1368
  Angular Gyrus                          \-               \-     \-     \-     256
  Parietal Operculum Cortex              \-               \-     \-     \-     640

The volumes of statistically significant voxels in each brain region are shown for overlapping and subregion-specific clusters. The Overlap column does not include subregion-specific regions. - indicates volume less than 80 mm^3^ (10 voxels). Atlas query was conducted with FSL\'s HarvardOxford-cort-maxprob-thr50-2mm and HarvardOxford-sub-maxprob-thr50-2mm atlases. AON, anterior olfactory nucleus; TUB, olfactory tubercle; PirF, frontal piriform cortex; PirT, temporal piriform cortex.

Below, we outline the unique connectivity patterns we found for each primary olfactory subregion.

Functional connectivity profiles of anterior olfactory nucleus and olfactory tubercle {#s2-6}
-------------------------------------------------------------------------------------

The brain areas that showed connectivity unique to the anterior olfactory nucleus were largest in the orbitofrontal cortex, with smaller clusters in the left inferior temporal gyrus, bilateral anterior temporal gyri, the bilateral anterior insula and the mammillary bodies and retromammillary commissure ([Figure 4A,E](#fig4){ref-type="fig"}). Areas of connectivity in the orbitofrontal cortex were extensive, including the entire gyrus rectus and encompassing parts of the medial, anterior and lateral orbital gyri. Notably, there was a strong cluster of connectivity corresponding to bilateral areas along the medial orbital sulcus, close to its intersection with the transverse orbital sulcus---this is significant because this part of orbitofrontal cortex is sometimes referred to as human secondary olfactory cortex ([@bib63]). Connectivity with the left inferior temporal gyrus was centered around a posterior region along the established object-recognition pathway. There were also large clusters in the bilateral anterior temporal gyri, and the bilateral anterior insula, in gustatory cortex. Finally, there was a medial cluster centered around the region between the mammillary bodies, the retromammillary commissure and the posterior hypothalamic nucleus.

![Subregion-specific functional connectivity patterns.\
(**A--D**) Brain regions that are uniquely positively connected to each of the primary olfactory subregions including the (**A**) anterior olfactory nucleus (AON, red), (**B**) olfactory tubercle (TUB, purple), (**C**) frontal piriform cortex (PirF, blue) and (**D**) temporal piriform cortex (PirT, green). The results are shown on the FSL's MNI152_T1_1mm_brain. (**E--H**) Functional connectivity maps shown on Freesurfer\'s cvs_avg35_inMNI152 brain surface for AON, TUB, PirF and PirT. All functional connectivity maps were thresholded at threshold-free cluster enhancement corrected p\<0.001. L, left hemisphere; PHN, posterior hypothalamic nucleus; ITG, inferior temporal gyrus; OFC, orbitofrontal cortex; INS, insula; PCC, paracingulate cortex; RN, retromammillary nucleus; ACCU, accumbens; RSC, retrosplenial area; FP, frontal pole; FFA, fusiform face areas; ACC, anterior cingulate cortex; THAL, thalamus; CAU, caudate; PUT, putamen; SUP, supramarginal gyrus; TP, temporal pole; HIPP, hippocampus; BA, Broca's area.\
10.7554/eLife.47177.017Figure 4---source data 1.Relates to [Figure 4](#fig4){ref-type="fig"}.Statistical images of the functional connectivity of human primary olfactory cortex subregions.](elife-47177-fig4){#fig4}

The brain areas that exhibited connectivity unique to the olfactory tubercle were largest in the medial prefrontal cortex, with smaller clusters in the perisplenial region, the left temporal fusiform cortex, the red nucleus of the brainstem and the accumbens ([Figure 4B,F](#fig4){ref-type="fig"}). Connectivity between the olfactory tubercle and the medial prefrontal cortex was mainly located in the paracingulate gyrus and frontal pole. In the paracingulate, it centered bilaterally around the anterior-most aspect of Brodman's area 32. Connectivity with the frontal pole was stronger in the left hemisphere, and extended from the dorsal edge of the ventro-medial prefrontal cortex into the medial prefrontal cortex, with a smaller cluster extending even more dorsal, reaching the dorsomedial prefrontal cortex. There was also a cluster of connectivity located bilaterally in the ventral striatum, in the accumbens. There were bilateral clusters of connectivity in both the red nuclei of the brainstem and in the retrosplenial area.

Functional connectivity profiles of frontal and temporal piriform cortices {#s2-7}
--------------------------------------------------------------------------

Interestingly, the frontal and temporal piriform cortices also showed distinct connectivity patterns, supporting the hypothesis that they are functionally distinct. The frontal piriform cortex showed a large cluster of connectivity with the dorsal striatum (both putamen and caudate), with smaller clusters in the precentral gyrus, the cingulate gyrus, mediodorsal thalamus and left supramarginal gyrus ([Figure 4C,G](#fig4){ref-type="fig"}). Connectivity with the caudate nucleus and putamen was extensive, covering the bilateral entirety of both regions. In the precentral gyrus, connectivity was evident along the primary motor strip, close to the lateral sulcus, corresponding to the face/lips/tongue/jaw area. There was also a large cluster of connectivity in the caudal anterior (anterior mid-cingulate) cortex, a cluster within the mediodorsal thalamic nucleus extending over the entire anterior-posterior axis, and a cluster unilaterally in the center of the left supramarginal gyrus.

The brain areas that exhibited unique connectivity to the temporal piriform cortex were largest in the bilateral brainstem (centered in the pons) and temporal pole, with smaller clusters in bilateral inferior frontal gyri, bilateral superior temporal gyrus, bilateral hippocampus and bilateral posterior insula ([Figure 4D,H](#fig4){ref-type="fig"}). In the brainstem, connectivity was maximal in the ventral aspect of the pons within the nucleus raphe magnus. There were also large clusters of connectivity in the anterior temporal pole. Within the inferior frontal gyrus, connectivity was stronger on the left side within Broca's area, with a smaller cluster in the same area on the right hemisphere. There were clusters in the left superior temporal gyrus, in the language comprehension areas ([@bib48]; [@bib105]) and clusters in the right medial temporal gyrus.

Functional connectivity common to all subregions {#s2-8}
------------------------------------------------

Although we have shown that primary olfactory subregions have distinct functional connectivity profiles, they likely also have some functional pathways in common, especially considering the strong reciprocal connectivity between the subregions. To identify the common primary olfactory connectivity network, the connectivity map of each subregion was binarized at a threshold of TFCE corrected p\<0.001 to include only those clusters that exhibited connectivity with all subregions. This resulted in a whole-brain connectivity map of areas that are functionally connected to all primary olfactory cortical subregions ([Figure 5](#fig5){ref-type="fig"}, [Table 1](#table1){ref-type="table"}). We found that these areas included large clusters in the bilateral hippocampus, amygdala and subgenual area, with smaller clusters in the anterior insula and posterior orbitofrontal cortex ([Figure 5A,B](#fig5){ref-type="fig"}). Connectivity with the hippocampus covered the entire anterior-posterior extent. In the amygdala, connectivity was maximal in the medial subregions and in the central amygdala. Interestingly, for both the right and left primary olfactory cortical subregions, connectivity clusters with the rest of the brain were generally more extensive in the right hemisphere compared to the left hemisphere ([@bib47]; [@bib71]; [@bib139]; [@bib183]) ([Figure 5A,B](#fig5){ref-type="fig"}). The common connectivity of all primary olfactory subregions with the orbitofrontal cortex could explain why it is so reliably activated even in basic and passive olfactory tasks.

![Functional connectivity common to all subregions.\
(**A**) Brain regions that showed statistically significant positive functional connectivity with each of the primary olfactory subregions. Results are overlaid on the FSL's sagittal and axial MNI152_T1_1mm_brain. (**B**) Same brain regions as in (**A**) shown on medial (top row) and lateral (bottom row) Freesurfer\'s cvs_avg35_inMNI152 brain surfaces. Red indicates the functional connectivity maps that were thresholded at threshold-free cluster enhancement corrected p\<0.001. R, right hemisphere.\
10.7554/eLife.47177.019Figure 5---source data 1.Relates to [Figure 5](#fig5){ref-type="fig"}.Functional connectivity patterns common to all human primary olfactory cortex subregions.](elife-47177-fig5){#fig5}

Discussion {#s3}
==========

In the olfactory system, information flows from the bulb to the cortex in a direct and parallel manner. Similarly, other sensory systems have parallel organization of processing pathways, but these typically occur at a later stage of processing. For example, information from other systems, including somatosensation, gustation, vision and audition, is processed in the thalamus prior to primary sensory cortex, and is parallelized downstream from there. In olfaction, thalamic processing occurs *after *direct parallel primary cortical processing, and, based on data from this study, may only occur for a subset of olfactory processing streams. From the olfactory bulb, mitral and tufted cells project to several different brain regions which are thought to play unique roles in olfactory processing ([@bib54]; [@bib66]; [@bib116]; [@bib156]). In rodents, the anatomical locations and properties of these regions have been well defined ([@bib77]; [@bib121]; [@bib164]). In humans, however, far fewer studies have attempted to identify and define these primary olfactory areas ([@bib28]; [@bib40]; [@bib3]; [@bib150]). Similarly, whereas many studies have begun to outline unique functional properties of primary olfactory areas within the rodent olfactory system ([@bib78]; [@bib80]; [@bib106]; [@bib120]; [@bib173]), fewer have done the same in humans. In the current study, we used data-driven connectivity-based parcellation techniques to show that whole-brain functional connectivity patterns alone could be used to parcellate human primary olfactory cortical regions into subregions that anatomically corresponded to the anterior olfactory nucleus, olfactory tubercle and frontal and temporal piriform cortices. Our findings indicate a dissociation in whole-brain functional connectivity patterns across the subregions of human primary olfactory cortex. This suggests that the human olfactory system is comprised of distinct parallel processing pathways ([@bib19]; [@bib142]) that may be related to the different recipients of projections from the olfactory bulb, in line with previous studies in rodents ([@bib52]; [@bib66]; [@bib77]; [@bib94]; [@bib129]). Our findings provide a detailed description of the particular brain areas that exhibit unique connectivity with each individual primary olfactory subregion. This could be used to gain insight into the specific role that each subregion plays in olfactory perception. We also demonstrate parallel organization of the olfactory system, in which olfactory networks reach a broader set of cortical targets at an earlier stage of processing compared to other sensory systems. This data might have implications for understanding the olfactory decline that appears in early stages of some neurological disease states. For example, olfactory structures that form networks with brain areas implicated in particular pathologies likely perform critical olfactory sensory functions (e.g. the olfactory tubercle is connected to areas involved in depression, see [@bib30], and the temporal piriform cortex is connected to areas involved in primary progressive aphasia, see [@bib125]).

Across species, the most frequently studied primary olfactory area is piriform cortex. In rodents, it has been consistently shown that projections from the bulb to piriform cortex are spatially distributed ([@bib54]; [@bib83]; [@bib116]) and that information about odor identity can be extracted from the spatiotemporal dynamics of these ensemble patterns ([@bib68]; [@bib81]; [@bib133]; [@bib137]; [@bib158]; [@bib159]; [@bib187]). At the same time, numerous studies suggest that the function of piriform cortex goes beyond simple odor-identity coding and is strongly impacted by its regional connectivity with other cortical areas ([@bib24]; [@bib141]). Numerous studies have implicated posterior piriform cortex in associative functions such as odor learning and memory ([@bib17]; [@bib22]; [@bib23]; [@bib55]; [@bib62]; [@bib86]; [@bib92]; [@bib112]; [@bib138]; [@bib140]; [@bib143]), and also suggest that the region may mediate learned olfactory responses and behaviors ([@bib23]). Moreover, the strength and composition of piriform networks has also been shown to depend on experience and on the state of the organism ([@bib20]; [@bib26]; [@bib25]; [@bib70]; [@bib96]; [@bib109]; [@bib177]).

While human studies suggest a role for piriform cortex that goes beyond pure odor-object coding, ([@bib11]; [@bib61]; [@bib135]; [@bib144]; [@bib184]), the anatomical and functional properties of human piriform cortex are not well understood compared to rodents. In fact, in some cases, it is not even clear which human bulbar recipients correspond to the well-defined rodent ones. While it has been suggested that the frontal and temporal subdivisions of human piriform may correspond to the anterior and posterior subdivisions of rodent piriform respectively, there is little anatomical or functional evidence to support this. For example, the rodent anterior piriform receives a greater density of bulb projections than the posterior piriform, while the same is not true for human frontal, relative to temporal, piriform. The lack of clear correspondence between human and rodent piriform subdivisions suggest that functional differences in primary olfactory areas across species could be substantial.

In our study, we found a clear differentiation between the functional connectivity patterns of human frontal and temporal piriform subdivisions, suggesting these two areas play different roles in olfactory processing in the human brain ([@bib2]; [@bib9]; [@bib10]; [@bib73]; [@bib132]; [@bib134]; [@bib184]). This distinction between frontal and temporal piriform cortices was robust, surviving across k values and hemispheres. Interestingly, our findings suggest that frontal piriform cortex has strong functional connectivity with motor planning areas, including the caudate/putamen and the primary motor cortex, specifically at the face/nose/jaw section of the motor homunculus (perhaps the facial movement areas include sniffing). Intriguingly, frontal piriform cortex was also connected to the left supramarginal gyrus, an area that has been consistently implicated in tool-grasping in humans ([@bib56]; [@bib87]), leading us to the tempting and highly speculative hypothesis that frontal piriform cortex may play a specific role in combining olfactory information with motor planning in order to guide food with the hand to the mouth. In contrast, we found that the temporal piriform cortex was connected to the brainstem raphe magnus and posterior insula, areas implicated in pain processing ([@bib146]; [@bib178]) and respiratory modulations ([@bib1]; [@bib42]), as well as the core language network ([@bib7]; [@bib175]). Interestingly, in the context of olfaction, respiratory modulation and pain mediation are tightly linked, since many olfactory stimuli also activate trigeminal nerve endings that are located inside the nasal cavities. If a painful stimulus enters the nasal cavities (e.g. ammonia), a protective, fast respiratory reduction occurs, to minimize entry of dangerous chemicals into the body. Intriguingly, verbal communication also requires modulations in breathing, and thus, temporal piriform cortex may mediate both olfactory-related verbal communication and protective changes in respiration. These findings may be applicable to the hypothesized neurocognitive limitations of olfactory language ([@bib16]; [@bib38]; [@bib126]), since our data may suggest that the same olfactory subregion exhibiting connectivity with language networks is involved in other critical olfactory functions.

Beyond piriform cortex, other cortical recipients of olfactory bulb output are less explored, including the anterior olfactory nucleus ([@bib13]) and olfactory tubercle ([@bib174]). In rodents, the anterior olfactory nucleus is a true cortical structure that can be divided into two main subdivisions, the pars externa and pars principalis ([@bib131]; [@bib163]). Studies suggest that some of the spatial properties of rodent glomerular activation are preserved in the pars externa, whereas the pars principalis exhibits a spatially distributed activation similar to other primary olfactory areas ([@bib95]; [@bib116]). This suggests functional heterogeneity across the rodent anterior olfactory nucleus. In humans, the anterior olfactory nucleus is also a true cortical structure, but it does not appear to contain an analog to the pars externa ([@bib29]). It can be divided anatomically into retrobulbar and cortical anterior and posterior subdivisions ([@bib110]; [@bib162]; [@bib127]). That said, only a small number of studies have directly explored the human anterior olfactory nucleus ([@bib162]), so its functional subdivisions remain unclear. Rodent studies suggest the pars externa is involved in odor localization ([@bib41]; [@bib97]) and the pars medialis could be involved in top-down modulation of bulbar responses ([@bib4]). More broadly, rodent studies suggest a role for the anterior olfactory nucleus in the initial formation of representations of odor objects (gestalts) ([@bib66]; [@bib106]), allowing piriform cortex to perform more associative functions, relating information about odor objects to movement and behavior. In our study, we found that whole-brain connectivity of the human anterior olfactory nucleus was maximal in orbitofrontal areas and other regions associated with object recognition. Our findings are in line with rodent studies showing connectivity between anterior olfactory nucleus and orbitofrontal cortex ([@bib80]), and with the hypothesized role for the anterior olfactory nucleus in the formation of odor-object representations ([@bib66]). We also found that connectivity profiles for the anterior olfactory nucleus were more lateralized than those of other primary olfactory subregions. This finding is in line with rodent studies suggesting that anterior olfactory nucleus neurons can distinguish between signals from the ipsilateral and contralateral nostrils, suggesting representation of lateralized inputs in this region ([@bib97]).

Similar to the anterior olfactory nucleus, we lack a complete understanding of the function of the olfactory tubercle, especially in humans. The majority of research on the olfactory tubercle has been conducted in rodents and has focused on its relationship with the reward system ([@bib79]), with far fewer studies considering it as a primary olfactory cortical structure ([@bib174]). Interestingly, the olfactory tubercle is the main recipient of tufted (as opposed to mitral) cell projections from the rodent olfactory bulb ([@bib145]). Tufted cells show enhanced odor sensitivity, enhanced respiratory entrainment and broader receptive fields compared to mitral cells ([@bib117]; [@bib148]), suggesting that the olfactory tubercle is important for olfactory tasks requiring high sensitivity. Studies suggest potential roles for the rodent olfactory tubercle in odor discrimination ([@bib118]; [@bib173]), olfactory multisensory integration ([@bib170]), state-dependent modulation of olfactory bulb activity ([@bib53]) and odor reward value ([@bib74]). Studies also suggest a role for the rodent olfactory tubercle in sensory hedonics and social behavior ([@bib53]; [@bib69]; [@bib72]). Compared to rodents, much less is known about the human olfactory tubercle. In our study, we found connectivity between the olfactory tubercle and brain areas implicated in emotional processing, depression, and social cognition, including anterior paracingulate cortex and left frontal pole ([@bib12]; [@bib39]; [@bib44]; [@bib84]; [@bib100]; [@bib101]; [@bib128]; [@bib166]). Interestingly, we also found connectivity between the olfactory tubercle and the left fusiform gyrus (fusiform face area), a brain region that is highly responsive to human faces ([@bib31]; [@bib65]; [@bib90]; [@bib113]). Our findings are consistent with rodent data suggesting a role for the tubercle in emotion and social cognition.

In an attempt to summarize and clarify the basic implications of our findings, we created a simplified, speculative illustrative diagram suggesting potential roles for each of the primary olfactory subdivisions that our study parcellated ([Figure 6](#fig6){ref-type="fig"}). One possible interpretation of our data suggests the following basic functions for human primary olfactory cortical subregions: Anterior olfactory nucleus, a cortical structure, may function as a first step in forming olfactory object representations; The olfactory tubercle may function in extracting social and emotional information from olfactory stimuli, mediating olfactory-related social and emotional responses; Frontal piriform cortex may be involved in planning olfactory-related movements, speculatively those involved in eating; Temporal piriform cortex may mediate pain-related (protective) respiratory modulations and verbal communication about olfactory stimuli. Importantly, the functions of primary olfactory areas cannot be determined from resting connectivity networks explored here, and there are numerous alternate interpretations of our data. Future experiments that combine psychophysics with the measurement of neural activity across primary olfactory areas are needed to gain a full understanding of parallel functional olfactory pathways in the human brain.

![Schematic illustrative summary of the functional organization of human primary olfactory cortex.\
(**A**) Summary of brain regions that are uniquely connected to each subregion, including the anterior olfactory nucleus (AON), olfactory tubercle (TUB), frontal piriform cortex (PirF), and temporal piriform cortex (PirT). (**B**) Summary of brain regions that are commonly connected to all subregions. mPFC, medial prefrontal cortex; CAU, caudate; PUT, putamen; AMC, anterior mid-cingulate cortex; THAL, thalamus; RN, red nucleus; RSC, retrosplenial cortex; ITG, inferior temporal gyrus; pINS, posterior insular cortex; MOT, motor area; TP, temporal pole; BA, Broca\'s area; aINS, anterior insular cortex; OFC, orbitofrontal cortex; ACC, anterior cingulate cortex; SC, subcallosal cortex; HIPP, hippocampus; AMY, amygdala.\
10.7554/eLife.47177.021Figure 6---source data 1.Relates to [Figure 6](#fig6){ref-type="fig"}.Source files for constructing the schematic illustrative model.](elife-47177-fig6){#fig6}

Materials and methods {#s4}
=====================

Participants {#s4-1}
------------

Twenty-five healthy subjects (14 female) with normal or corrected-to-normal vision were recruited for this study. The average (standard error) age was 25.5 (1.2) years. All subjects were right-handed and had normal olfactory function by self-report. No participant reported a history of smell, taste or ear-nose-throat, psychiatry, or neurological disorder. This study was approved by Northwestern University\'s Institutional Review Board under Protocol \#STU00201746. All participants gave their voluntary written consent before the experiment. All experiments were conducted according to the principles of the Declaration of Helsinki.

MRI data acquisition {#s4-2}
--------------------

Magnetic resonance imaging (MRI) data were acquired on a 3T Siemens TIM Trio scanner equipped with a 64-channel head coil (Siemens Healthcare, Erlangen, Germany), at Northwestern University's Center for Translational Imaging. A 10 min resting fMRI scan was acquired for each subject using a single-shot gradient-echo planar-imaging sequence with following parameters: repetition time (TR): 555 ms; echo time (TE): 22 ms; flip angle: 47°; MB-8 with Split-slice GRAPPA ([@bib124]; [@bib161]); field of view (FOV): 208 mm; voxel size: 2.0 × 2.0 × 2.0 mm^3^; 64 axial slices. To reduce the distortion and improve the signal-to-noise ratio in the primary olfactory and orbitofrontal areas, the slice orientation was set to approximately 30° from the AC-PC line ([@bib33]). These acquisition parameters resulted in robust signals within orbitofrontal and olfactory areas in each subject ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). Further, our finding of strong connectivity between orbitofrontal cortex and all primary olfactory cortical areas suggests good orbitofrontal coverage. Subjects were instructed to look at a white fixation cross on a black background and to breathe in and out through their nose.

A high-resolution anatomical image was acquired for each subject using T1-weighted MPRAGE (TR: 2300 ms; TE: 2.94 ms; flip angle: 9°; FOV: 256 mm; voxel size: 1.0 × 1.0 × 1.0 mm^3^; 176 sagittal slices).

MRI data preprocessing {#s4-3}
----------------------

The structural images were skull-stripped and segmented into gray matter, white matter and cerebrospinal fluid using the BET ([@bib151]) and FAST ([@bib188]) tools of FSL (FMRIB Software Library, [www.fmrib.ox.ac.uk/fsl](http://www.fmrib.ox.ac.uk/fsl); RRID:[SCR_002823](https://scicrunch.org/resolver/SCR_002823)) ([@bib85]; [@bib152]; [@bib179]). The resulting white matter and cerebrospinal fluid images were further eroded by one voxel (FSL\'s *fslmaths*).

Preprocessing of the resting fMRI data included removal of the first 10 volumes, motion correction and generating spatial registration matrices using FSL\'s FEAT. Each subject\'s functional images were normalized to their anatomical image using the brain-boundary registration method, and each individual anatomical image was registered to the Montreal Neurological Institute (MNI) standard brain (MNI152_T1_2mm_brain) using the non-linear registration method (12 degrees of freedom). Linear and quadratic trends were removed using Analysis of Functional NeuroImages (AFNI; RRID:[SCR_005927](https://scicrunch.org/resolver/SCR_005927)) ([@bib27]). Nuisance variables, including six head-movement parameters, and white matter and cerebrospinal signals, were regressed out using multiple linear regression methods (FSL\'s *fsl_glm*). Finally, the images were intensity normalized, band-pass filtered (0.008--0.01 Hz, AFNI\'s *3dFourier*), registered to MNI space and spatially smoothed (Gaussian kernel, sigma = 3).

Functional connectivity-based parcellation {#s4-4}
------------------------------------------

To perform the functional connectivity-based parcellation, we manually drew an ROI that included the anterior olfactory nucleus, olfactory tubercle, and piriform cortex on the MNI152 template brain, according to the Atlas of the Human Brain ([@bib110]). The ROI was drawn onto coronal slices in the range of y = −3 to y = 15 on the MNI152_T1_1mm_brain, which was down-sampled to MNI152 2 mm space afterwards. For the comparison between parcellated clusters and anatomical subregions, we drew ROIs delineating the primary olfactory subregions prior to running the parcellation analysis. Notably, the human primary olfactory subregions differ in relative size and shape from their rodent analogs. We followed the definition of the olfactory tubercle and anterior olfactory nucleus used in the Atlas of the Human Brain ([@bib110]; [@bib127]), and their locations agree with previous human studies ([@bib3]; [@bib29]; [@bib40]). Although we used an atlas that includes particularly detailed delineations of olfactory areas, based on rigorous techniques, including data from four human brains ([@bib127]), some researchers have postulated that the human anterior olfactory nucleus is part of the olfactory bulb ([@bib32]; [@bib76]) and that the human olfactory tubercle is actually the anterior perforated substance ([@bib32]; [@bib76]). However, these discrepencies are mainly terminology-based, as the different studies refer to the same anatomical structures.

We next parcellated the ROI into subregions based on their connectivity patterns with the rest of the brain. To do so, the Pearson correlation coefficient was computed between each voxel within the ROI and every other voxel in the rest of the whole brain, resulting a correlation matrix for each subject. The whole-brain mask was created using FSL\'s gray matter tissue prior image (avg152T1_gray.img, threshold of 100). The correlation coefficient was Fisher\'s z transformed and then averaged across subjects. The resulting matrix was transformed back into Pearson correlation coefficients, which were later used for parcellation analysis.

The parcellation analysis was performed using standard k-means methods, as implemented in the Matlab Statistics Toolbox (Matlab R2016b, The Mathworks Inc, Natick, MA USA; RRID:[SCR_001622](https://scicrunch.org/resolver/SCR_001622)). The correlation between the connectivity pattern of the voxels within the ROI was used as the distance measure. Although this method is unsupervised, it requires an input of the number of clusters. Our hypothesis was that subregions of the primary olfactory areas within the ROI were separable based on their functional connectivity patterns. Thus, we chose a k value of four as the input for the algorithm. The clustering was performed on left and right hemisphere ROIs separately.

To evaluate the stability of the group-level connectivity patterns, we tested the stability of the correlation matrix using a leave-one-out method ([@bib88]). This analysis tests whether the connectivity profile of individual voxels in primary olfactory cortex is similar across subjects, as required for averaging. For this, the correlation matrices were averaged across N−1 subjects, where N is the total number of subjects, and the correlation with the left-out subject was calculated for each voxel. We repeated this procedure N times and took the average of these repetitions as the final stability map.

To calculate the proportion of voxels from each parcellation cluster located within each anatomical subdivision of primary olfactory subregions, we first used the Atlas of the Human Brain ([@bib110] to outline anatomical ROIs of anterior olfactory nucleus, olfactory tubercle, frontal piriform cortex and temporal piriform cortex prior to performing the parcellation analysis. We then determined the proportion of voxels from each parcellated subdivision that were located within each ROI. The significance of the proportion was tested using a permutation method. In each permutation, we shuffled the labels of the voxels within the ROI and re-calculated the proportion number. This procedure was repeated 10,000 times, resulting in a null distribution of the proportion of voxels of each parcellated subdivision within each anatomical subregion. The mean and standard deviation of this distribution was computed by norm line fitting (Matlab\'s *normfit*). A z score of the real proportion was computed by subtracting the average and then dividing by the standard deviation.

To characterize the functional connectivity pattern of each subregion, the time series of all voxels were averaged for each ROI. The Pearson correlation between the average time series and every other voxel in the brain was calculated for each subject and Fisher\'s z transformed. Finally, random effects analysis of the functional connectivity maps was performed using one-sample t tests (FSL's *randomize*, 10,000 permutations). Multiple comparisons were corrected using the TFCE method ([@bib153]). TFCE allows the identification of clusters in data sets without defining the clusters in a binary way. The output is a weighted sum of the local clustered signal. TCFE has been shown to produce results with better stability than other methods ([@bib153]). For functional connectivity network analysis, we focused on positive functional connectivity only, since the mechanisms of negative functional connectivity are less understood ([@bib119]).

To examine the functional connectivity difference between left and right subregions of the ROI, we computed a lateralization index of the functional connectivity. The lateralization index was calculated as (Z~left~−Z~right~)/(Z~left~ + Z~right~), where Z~left~ and Z~right~represent the whole-brain functional connectivity map of the left and right subregions respectively. The lateralization index was further spatially smoothed (Gaussian kernel, sigma = 3). A one-sample t test analysis of the lateralization index was conducted using FSL\'s *randomize* (10,000 permutations) and multiple comparisons were corrected using the TFCE method. Because we found no statistical difference between the maps across hemispheres, we combined the corresponding left and right primary olfactory cortex clusters, and performed all subsequent analyses on these hemispherically-combined seed regions.

For the replication of our parcellation analysis, we performed k-means clustering on subjects from an independent resting-state fMRI dataset that was published elsewhere ([@bib89]). In brief, 6 min of resting fMRI data were collected from fifty-three healthy subjects on a Philips Achieva 3T scanner (TR: 2000 ms; TE: 30 ms; voxel size: 2.75 × 2.75 × 3 mm^3^; flip angle: 90°). A high-resolution, T1-weighted MPRAGE anatomical image was acquired (TR: 8.2 ms; TE: 3.8 ms; FOV: 256 mm; voxel size: 1.0 × 1.0 × 1.0 mm^3^; 181 slices; flip angle: 8°) for each subject. All analyses performed on this data set were identical to the steps performed in our initial analysis. Full details on the acquisition parameters can be found in [@bib89], but importantly, their acquisition parameters differed from ours, highlighting the replicability of our findings.

Data availability {#s4-5}
-----------------

Source data and code have been made available via GitHub: [https://github.com/zelanolab/primaryolfactorycortexparcellation.git ](https://github.com/zelanolab/primaryolfactorycortexparcellation.git)([@bib186]; copy archived at <https://github.com/elifesciences-publications/primaryolfactorycortexparcellation>).

Funding Information
===================

This paper was supported by the following grants:

-   http://dx.doi.org/10.13039/100000055National Institute on Deafness and Other Communication Disorders R01-DC-015426 to Thorsten Kahnt.

-   http://dx.doi.org/10.13039/100000055National Institute on Deafness and Other Communication Disorders R00-DC-0012803 to Christina Zelano.

-   http://dx.doi.org/10.13039/100000055National Institute on Deafness and Other Communication Disorders R01-DC-016364 to Christina Zelano.

This study was financially supported by the National Institutes on Deafness and Other Communications Disorders (NIDCD) grants R00-DC-012803 and R01-DC-016364 (to Christina Zelano) and R01-DC-015426 (to Thorsten Kahnt).

Additional information {#s5}
======================

Reviewing editor, *eLife*.

No competing interests declared.

Conceptualization, Data curation, Formal analysis, Investigation, Visualization, Methodology, Writing---original draft, Writing---review and editing.

Data curation, Visualization, Writing---original draft, Project administration, Writing---review and editing.

Writing---review and editing.

Resources, Methodology, Writing---review and editing.

Conceptualization, Formal analysis, Supervision, Funding acquisition, Visualization, Methodology, Writing---original draft, Writing---review and editing.

Human subjects: This study was approved by Northwestern University\'s Institutional Review Board. All participants gave their written consent before the experiment. The experiment was conducted according to the principles of the Declaration of Helsinki. Protocol \#STU00201746.

Additional files {#s6}
================

10.7554/eLife.47177.022

Data availability {#s7}
=================

Source data have been provided for each figure and table. Source data and code have been made available via GitHub: <https://github.com/zelanolab/primaryolfactorycortexparcellation.git> (copy archived at <https://github.com/elifesciences-publications/primaryolfactorycortexparcellation>).

10.7554/eLife.47177.024

Decision letter

Mainland

Joel

Reviewing Editor

Monell Chemical Senses Center

United States

Olofsson

Jonas

Reviewer

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Characterizing functional pathways of the human olfactory system\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a guest Reviewing Editor and Joshua Gold as the Senior Editor. The following individual involved in review of your submission has agreed to reveal his identity: Jonas Olofsson (Reviewer \#1).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The majority of our knowledge regarding primary olfactory cortex anatomy comes from rodents and the field needs more human data. This study uses brain imaging to add additional functional annotation to the human primary olfactory cortex.

Essential revisions:

Several reviewers asked for a more thorough review of the previous literature using fMRI to measure connectivity. Please revise the manuscript to place this study in context of previous work.

Additionally, the reviewers raised concerns and made a number of suggestions regarding technical aspects, lateralization, and addressing individual variability. Please see below for the individual points and address them as much as possible.

*Reviewer \#1:*

The manuscript by Lane et al. describes an experiment whereby functional Magnetic Resonance Imaging connectivity analysis was used to parcellate the human primary olfactory cortex into separate connective pathways. Results suggest four distinct pathways emanating from primary areas (those receiving direct input from the olfactory bulb).

This manuscript is well written, especially considering the rodent neuroanatomical work which is covered in detail, and the results, which are clearly explained. Importantly, the study addresses a key issue in human olfaction, that of the presumed complementary roles of primary olfactory areas and how to define them. Prior work has used seed regions in the piriform, and sometimes even orbitofrontal, cortex to study the connectivity patterns of the olfactory system. The current study provides a more in-depth view, and will facilitate future comparisons within the olfactory network and across sensory systems. The independent validation dataset strengthens the authors\' conclusions.

Overall, the study will provide a nice addition to the literature on human olfactory system connectivity, especially since the literature is currently very limited. I have a few issues for the authors to address, these issues are listed below.

The manuscript does not cite the small number of prior studies on fMRI connectivity of the olfactory cortex and it does not adequately describe how the present approach is different from that of prior work of the same kind.

Please motivate your definition of primary olfactory cortex, given the notion that the olfactory bulb is by some considered primary cortex.

Although the methods appear later in the text, there should be an early citation or mentioning of the dataset and its resting-state methodology; only the validation dataset is mentioned in the early stages of the main text.

Discuss the commonly observed problem of poor signal-to-noise ratio in olfactory regions and how the authors avoided the risk of biasing their results due to poor/variable SNR.

You found a mean correlation coefficient of 0.19 (SE 0.0041), how does that compare with prior applications of this method on similar data sets (e.g. Kahnt et al., 2012)? Please provide support for the claim that there is good similarity.

It is interesting to note that AON has a stronger lateralization pattern. Why do you think that is the case, and what are the possible implications? Does it imply a specific functional role or might it be an artifact, or evidence of less well-defined network memberships?

Please provide references for the olfactory interactions with the language regions, as is hypothesized in Discussion.

Regarding the framework, is might be noted that the shared connectivity with the OFC might explain why it is so reliably elicited even in basic/passive olfactory tasks; all primary regions project to it. Furthermore, regarding the connectivity patterns of the frontal piriform to regions responsible for facial movements, might this include sniffing?

It is a bit of a stretch to state that there is a \"large body of evidence\" suggesting olfaction is lateralized to the right side. The literature is in fact quite inconsistent. I suggest tempering this claim and also adding another more recent supporting citation.

*Reviewer \#2:*

The conclusion appears somewhat weak: \"... Our results provide important insight into the functional and anatomical organization of the human olfactory system...\" Please be more detailed in terms of the significance of these findings and the consequences of it. Do we have to look at olfactory information processing differently from today on? Please speculate: Does this demonstration of parallel processing of olfactory information explain the vulnerability in aging? Or the decrease of olfactory functioning in depression? Other consequences?

Please compare the parallel processing n the olfactory system to other systems? How is that in taste? Touch?

I was always under the assumption that the AON in humans is part of the olfactory bulb (see Daniel and Hawkes, 1992; Hyman, Arriagada and Van Hoesen, 1991). Maybe you can discuss these discrepancies, too.

The authors talk about the olfactory tubercle. This is despite the anatomical impression that there is no bump in this vicinity. In fact the anterior perforated substance has been proposed as its human homologue (see Freiherr, Wiesmann, Witt in Welge-Luessen, Hummel (eds): 2014, Management of Smell and Taste Disorders; Theme, Stuttgart). Please comment.

It would be extremely valuable for the reader if the authors came up with a sketch that graphically summarizes the results in terms of the strength of the connectivity between the various regions.

Although difficult to do (and although the authors already pay a lot of attention to that), it would be excellent if the authors could try to separate more clearly between research that comes from animals and research on humans.

*Reviewer \#3:*

Odor processing starts with transduction in the olfactory epithelium and continues with treatment in the olfactory bulb and cortical processing in primary and so-called secondary areas. In mammals, we have very good understanding of the anatomy and the functionality of these areas. In contrast, the functional neuroanatomy of human olfaction remains poorly understood. In this paper, Zhou and colleagues provide a significant contribution to this field by highlighting that the human primary olfactory cortex is clustered into sub-regions that anatomically corresponded to the anterior olfactory nucleus, olfactory tubercle and frontal and temporal piriform cortices. Furthermore, a dissociation in the whole-brain functional connectivity patterns was observed across the different sub-areas of the primary olfactory cortex suggesting the existence of distinct parallel processing pathways. The paper is very well written and the method used are innovative in the field of olfaction (data-driven connectivity-based parcellation techniques). My comments are below.

\- Subsection "Parcellation results across hemispheres and k values": Why it is important to combine data from both hemispheres? Asymmetry in human olfactory processing has been documented, especially by the Zatorre group in the early 90\'s and more recently in different studies. I would like to see how not merging the 2 hemispheres change the findings.

\- The authors mentioned "Note that additional primary olfactory areas, including anterior cortical and peri- amygdala areas and entorhinal cortex (Allison, 1954; Carmichael et al., 1994; Eslinger et al., 1982; Gonçalves Pereira et al., 2005; Zatorre et al., 1992), were not included in our ROI because the exact location of olfactory afferents into these areas is poorly understood.". I am wondering whether some areas included in the ROI (tubercule, AON), are less "poorly understood" than entorhinal cortex or amygdala in humans. Could the authors provide some more rationales for excluding these areas from the ROI?

In the same line, the authors wrote: "Interestingly, connectivity clusters were generally more extensive in the right hemisphere compared to the left hemisphere, supporting a large body of evidence suggesting that olfactory processing is lateralized to the right side (Zatorre et al., 1992)." So, why not considering the primary olfactory cortices separately from the right and the left hemispheres? There is much to gain in showing these data.

\- The authors stated that "We then estimated the whole-brain functional connectivity profile of each voxel within the ROI by computing the Pearson correlation coefficient between the resting-state fMRI time-series of a given voxel and that of every other voxel in the rest of the brain. This resulted in subject-wise connectivity matrices, which were then averaged across all subjects." Does this mean that individual variability is not considered in the rest of the analysis? If yes, how the authors could be sure that the values in the averaged matrix are not due to a sub-sample of subjects?

\- In the same line, the authors wrote "To examine the similarity between the individual functional connectivity matrices, we computed a histogram of correlation values between individual matrixes and the groups matrix using a leave-one-out method (Kahnt et al., 2012). The results indicate a good similarity between the group-level and individual functional connectivity patterns (mean correlation coefficient: 0.19, standard error: 0.0041, Figure 2A).". I can understand that the notion of similarity is relative, but here the averaged r-value is less than 0.20 which means that half of the data fall within a range of 0 to 0.20. I may not understand properly this analysis but to my view it seems that these r-values are low. Could you comment on that? Moreover, the authors must mention the significativity of these correlative analyses. Even if significant, there is a need to detail how many data-points were computed in these analyses and how such low r-values can be interpreted?

\- Participants were "instructed to look at a white fixation cross on a black background and breath in-out through their nose." As the authors know, and they are expert in the field, respiration can alter odor processing. Is there any effect of Nasal breathing on the brain imaging findings? If nasal respiration was measured, in addition to motion correction, the authors should correct for nasal breathing activity.
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Author response

Reviewer \#1:

> \[...\] Overall, the study will provide a nice addition to the literature on human olfactory system connectivity, especially since the literature is currently very limited. I have a few issues for the authors to address, these issues are listed below.
>
> The manuscript does not cite the small number of prior studies on fMRI connectivity of the olfactory cortex and it does not adequately describe how the present approach is different from that of prior work of the same kind.

This is a very important point, and we are grateful for being made aware of having missed important previous work. We have modified the Introduction to include a discussion of the following studies. We would be grateful if you could bring our attention to any additional studies we might have missed.

We now include a discussion of the following:

Banks et al., 2016; Caffo et al., 2010; Cecchetto et al., 2019; Fjaeldstad et al., 2017; Karunanayaka et al., 2014.; Karunanayaka, Tobia and Yang, 2017; Killgore et al., 2013; Kiparizoska and Ikuta2017; Kollndorfer et al., 2015; Krusemark and Li, 2012; Nigri et al., 2013; Sreenivasan et al., 2017; Sunwoo et al., 2015; Wang et al.,2010; Wang et al., 2005.; Wang et al., 2015.

> Please motivate your definition of primary olfactory cortex, given the notion that the olfactory bulb is by some considered primary cortex.

We agree with you that the olfactory bulb is considered by some to be "primary olfactory cortex". However, we feel that the "classic" and dominant terminology in the field still uses the term "primary olfactory cortex" to refer to structures that receive direct input from the olfactory bulb. For example, in *Olfactory Cortex: Comparative Anatomy*, Illig and Wilson discuss the concept that the olfactory bulb may perform primary sensory cortical functions, but still mention that piriform cortex is typically referred to as primary olfactory cortex. Most book chapters, reviews and studies still refer to primary olfactory cortex as brain areas that receive direct bulb projections. We feel it would be confusing to introduce new terminology in this manuscript, and might take away from the primary goal of our study, which was to provide a quantitative characterization of the parallel processing pathways of the human olfactory system. In humans, these parallel pathways occur *downstream* of the olfactory bulb. Thus, the important point here is not so much whether we are characterizing primary versus secondary olfactory cortex, but that we are characterizing the parallel pathways, all of which receive direct projections from the olfactory bulb. That said, your point is highly relevant for this paper, and reflects an important emerging movement in the field towards the idea that the classic terminology is flawed. Further, our initial phrasing of this in the Introduction may have mis-characterized the Wilson, 2009 reference. We have clarified these points in the second paragraph of the Introduction. We now initially refer to these areas as the cortical targets of olfactory bulb projections, and we refer readers to papers that discuss the accuracy of their being collectively termed "primary olfactory cortex".

> Although the methods appear later in the text, there should be an early citation or mentioning of the dataset and its resting-state methodology; only the validation dataset is mentioned in the early stages of the main text.

Very good point, thank you. This will make the paper read more clearly. We have added details about the dataset into the beginning of the Results section: "Twenty-five subjects (average ± standard error age: 25.5 ± 1.2 years; 14 female) underwent a 10-minute resting-state fMRI scan."

> Discuss the commonly observed problem of poor signal-to-noise ratio in olfactory regions and how the authors avoided the risk of biasing their results due to poor/variable SNR.

This is a helpful suggestion, and we have added a discussion of this to the Materials and methods as below. We have also added a supplementary figure showing the mean activation map for each subject, in order to show the data transparently.

"To reduce the distortion and improve the signal-to-noise ratio in the primary olfactory and orbitofrontal areas, the slice orientation was set to approximately 30° from AC-PC line (Deichmann et al., 2003). These acquisition parameters resulted in robust signals within orbitofrontal and olfactory areas in each subject (Figure 2---figure supplement 2). Further, our finding of strong connectivity between orbitofrontal cortex and all primary olfactory cortical areas suggests good orbitofrontal coverage."

> You found a mean correlation coefficient of 0.19 (SE 0.0041), how does that compare with prior applications of this method on similar data sets (e.g. Kahnt et al. 2012)? Please provide support for the claim that there is good similarity.

This is an important question, thank you for raising it. One of the other reviewers also asked about this R-value, further confirming that it's important for us to clarify this analysis. The purpose of this leave-one-out analysis is only to estimate how similar (or stable) connectivity profiles of individual primary olfactory cortex voxels are across participants, as a prerequisite for averaging the connectivity matrices across participants. The overlap observed here was slightly lower than what Kahnt et al., 2012, observed in orbitofrontal cortex (r\~0.3) using a different data set. However, this value cannot be reasonably compared across different studies because it depends on many study-specific factors including voxel size, the size of the regions of interest, and the number of data points used to compute the correlations. The important point to note about this histogram is that the similarity of connectivity patterns is above zero in all voxels in primary olfactory cortex. We have clarified this point in the second paragraph of the subsection "Parcellation of human primary olfactory cortex".

> It is interesting to note that AON has a stronger lateralization pattern. Why do you think that is the case, and what are the possible implications? Does it imply a specific functional role or might it be an artifact, or evidence of less well-defined network memberships?

We fully agree, this is a very interesting result and we should provide additional comments on this. We do not believe the finding is an artifact, and we now include, in the Results section, some discussion of this finding that ties it in with existing literature.

There are some interesting rodent findings that support the idea that the functional networks of the AON are more lateralized than other primary olfactory areas. For example, it has also been shown that the AON neurons can distinguish between signals from the ipsilateral and contralateral nostrils, suggesting representation of lateralized inputs in this region.

> Please provide references for the olfactory interactions with the language regions, as is hypothesized in Discussion.

Thank you for this point. This comment made us realize that we also left out implications of our data on the neurocognitive limitations of olfactory language. We've added a discussion of this, along with references, in the Discussion.

> Regarding the framework, is might be noted that the shared connectivity with the OFC might explain why it is so reliably elicited even in basic/passive olfactory tasks; all primary regions project to it. Furthermore, regarding the connectivity patterns of the frontal piriform to regions responsible for facial movements, might this include sniffing?

These are good and insightful points. We have added them to the Discussion.

> It is a bit of a stretch to state that there is a \"large body of evidence\" suggesting olfaction is lateralized to the right side. The literature is in fact quite inconsistent. I suggest tempering this claim and also adding another more recent supporting citation.

We agree. We have toned down this language by removing

"supporting a large body of evidence suggesting that olfactory processing is lateralized to the right side". We have also added more recent supporting citations.

Reviewer \#2:

> The conclusion appears somewhat weak: \"...Our results provide important insight into the functional and anatomical organization of the human olfactory system..:\" Please be more detailed in terms of the significance of these findings and the consequences of it. Do we have to look at olfactory information processing differently from today on?

Thank you for this suggestion, we agree. We have modified the Introduction and Discussion to better distinguish our findings from previous studies, and to clarify the reasons why we believe the study is important. Your suggestion really improved the Introduction, thank you. See the new additions in the fifth paragraph of the Introduction, and in the first paragraph of the Discussion.

> Please speculate: Does this demonstration of parallel processing of olfactory information explain the vulnerability in aging? Or the decrease of olfactory functioning in depression? Other consequences?

Great points, thank you. We have added a discussion of these ideas to the Discussion, which has improved this part of the manuscript substantially:

"Our findings provide a detailed description of the particular brain areas which exhibit unique connectivity with each individual primary olfactory subregion. \[...\] For example, olfactory structures that form networks with brain areas that are implicated in particular pathologies likely perform critical olfactory sensory functions (the olfactory tubercle is connected to areas involved in depression, see Croy and Hummel, 2017, and the temporal piriform cortex is connected to areas involved in primary progressive aphasia, see Olofsson et al., 2013)."

> Please compare the parallel processing n the olfactory system to other systems? How is that in taste? Touch?

This is a good suggestion. We now highlight that the organization of the olfactory system differs from other sensory modalities. We attempted a detailed review of the organization of other sensory systems, however, in the end we felt that it disrupted the flow of the manuscript and we removed it. If the reviewer feels strongly that it should be included, we will add it back in.

> I was always under the assumption that the AON in humans is part of the olfactory bulb (see Daniel and Hawkes, 1992; Hyman, Arriagada and Van Hoesen, 1991). Maybe you can discuss these discrepancies, too.

This is an important point, which we should have discussed more in the manuscript. The human AON certainly seems to differ anatomically from the rodent AON. In humans, it is often referred to as the "retrobulbar region", but it has been demonstrated to be a true cortical structure, equivalent to paleocortical structures in rodents (Stephan H: Allocortex. In Bargmann W, editor: "Handbuch der mikroskopischen Anatomie des Menschen", vol 4, Berlin and New York. Part 9, 1975, Springer Verlag, pp 1--998). In fact, the term anterior olfactory nucleus has been suggested to be misleading, given that it is a true cortical structure in humans (Zilles and Amunts, Architecture of the Cerebral Cortex, 3rd Edition, 2012). A recent study by Ongur et al. performed a detailed mapping of the human AON based on data from 5 post-mortem human brains (Ongur, 2003), which was updated in their Atlas of the Human Brain (Mai et al., 2016). Their study showed that the human AON is extensive, extending more than 11mm in the anterior-posterior direction, from MNI position y=14.22mm to MNI position y=2.53mm, as detailed in the 4th Edition of the Atlas of the Human Brain (Mai et al., 2016). Numerous studies (most of which focus on Parkinson's Disease pathology) have characterized the human anterior olfactory nucleus into several subdivisions other than the bulbar part. Just as one example, a study by Ubeda-Banon et al. in 2010 divided the human AON into the following different parts: bulbar, intrapeduncular, retrobulbar, cortical anterior and cortical posterior subregions. The two cortical subregions could be further divided into medial and lateral components on either side of the olfactory tract. See [Author response image 1](#respfig1){ref-type="fig"}, taken from this study, which shows the size and extent of the human AON. Some other studies including subdivisions of the AON beyond the olfactory bulb include:

\- Pearce, Hawkes and Daniel, 1995, Movement Disorders;

\- Price JL (1990) Olfactory system. In: Paxinos G (ed) The human nervous system. Academic Press, San Diego, pp 979--998;

\- Hoogland PV, Huisman E (1999) Tyrosine hydroxylase immunoreactive structures in the aged human olfactory bulb and olfactory peduncle. J Chem Neuroanat 17:153--161; -Mai JK, Paxinos G, Voss T (2008) Atlas of the human brain. Elsevier, New York;

\- Price JL (1990) Olfactory system. In: Paxinos G (ed) The human nervous system. Academic Press, San Diego, pp 979--998;

\- Braak, H., Del Tredici, K., Rüb, U., de Vos, R. A., Jansen Steur, E. N., and Braak, E. (2003a). Staging of brain pathology related to sporadic Parkinson's disease. Neurobiol. Aging 24, 197--211;

\- Sengoku R, Saito Y, Ikemura M, Hatsuta H, Sakiyama Y, Kanemaru K, Arai T, Sawabe M, Tanaka N, Mochizuki H, Inoue K, Murayama S (2008) Incidence and extent of Lewy body-related α-synucleinopathy in aging human olfactory bulb. J Neuropathol Exp Neurol 67:1072--1083;

\- Ubeda-Banon et al., 2017.
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In our study, we did not distinguish the subdivisions of the human AON, though this could be of high interest for future studies.

We now include a brief description of these points in the Materials and methods subsection "Functional connectivity-based parcellation".

> The authors talk about the olfactory tubercle. This is despite the anatomical impression that there is no bump in this vicinity. In fact the anterior perforated substance has been proposed as its human homologue (see Freiherr, Wiesmann, Witt in Welge-Luessen, Hummel (eds): 2014, Management of Smell and Taste Disorders; Theme, Stuttgart). Please comment.

We agree that the anatomy of the rodent and human olfactory tubercle differs. Similar to the AON, the human tubercle differs in relative size and shape from the rodent homologue. We followed the definition of the olfactory tubercle used in the Atlas of the Human Brain (Mai et al., 2015; Öngür et al., 2003), as mentioned in our previous response above. The location of the OT in this atlas agrees with previous studies that we cite in the paper (Allison, 1954; Crosby and Humphrey, 1941; Eslinger et al., 1982). It does appear that the currently accepted location of the human olfactory tubercle overlaps with the location of the anterior perforated substance. We have added mention of this to our Materials and methods, and cite the book mentioned.

> It would be extremely valuable for the reader if the authors came up with a sketch that graphically summarizes the results in terms of the strength of the connectivity between the various regions.

This is a great point. Our connectivity maps did not contain information about the relative strength of the different connections. We have modified our figures to include t-values rather than simple binarized values. These new maps, that contain information about the strength of the connectivity, have been inserted to replace Figure 4.

> Although difficult to do (and although the authors already pay a lot of attention to that), it would be excellent if the authors could try to separate more clearly between research that comes from animals and research on humans.

We agree this is an important point, and a common issue in human olfactory studies/manuscripts, since the vast majority of studies are conducted in rodents. We have made efforts wherever possible to make this distinction more clear.

Reviewer \#3:

> \[...\] - Subsection "Parcellation results across hemispheres and k values": Why it is important to combine data from both hemispheres? Asymmetry in human olfactory processing has been documented, especially by the Zatorre group in the early 90\'s and more recently in different studies. I would like to see how not merging the 2 hemispheres change the findings.

This is an excellent point. We will clarify our thinking here and in the text.

Not merging the 2 hemispheres does not change the findings in a statistically relevant way.

We merged hemispheres for three main reasons. First, there are no significant differences between hemispheres, based on a statistical comparison of the connectivity maps. Second, given this lack of statistical difference across hemispheres, to show each hemisphere for each subregion would add additional information without additional meaning, to the manuscript, while making it denser and more difficult to interpret for the reader. Third, and most important, to show such data would risk misleading the reader and could lead to misinterpretation of our results.

Because of these concerns, and particularly the concern that readers could mis-cite our paper as showing differences across hemispheres when we found none statistically, we feel strongly that we should not add supplementary figures showing the single hemisphere maps. However, if the reviewer feels very strongly that we should add this figure, we will create a supplementary figure showing these maps.

Based on this helpful comment, we have added clarification of this to the Materials and methods subsection "Functional connectivity-based parcellation".

> \- The authors mentioned "Note that additional primary olfactory areas, including anterior cortical and peri- amygdala areas and entorhinal cortex (Allison, 1954; Carmichael et al., 1994; Eslinger et al., 1982; Gonçalves Pereira et al., 2005; Zatorre et al., 1992), were not included in our ROI because the exact location of olfactory afferents into these areas is poorly understood.". I am wondering whether some areas included in the ROI (tubercule, AON), are less "poorly understood" than entorhinal cortex or amygdala in humans. Could the authors provide some more rationales for excluding these areas from the ROI?

Thank you for this insightful comment. It is a good point, and we did not adequately explain our rationale in the manuscript.

The AON and OT are better understood *anatomically* (though we agree, not functionally) than the olfactory inputs to the amygdala and entorhinal cortex. For example, a recent histological study by Goncalves et al. found that the borders of the subdivisions of the amygdala and entorhinal cortex that receive direct bulb projections are not discernable in T1 images (Gonçalves Pereira et al., 2005). Furthermore, we were unable to find a human brain atlas that clearly outlines olfactory amygdala and entorhinal areas receiving bulb input, whereas numerous studies and atlases do include delineation of the olfactory tubercle and AON. We have modified the manuscript to include this reference where we discuss this point in the first paragraph of the Results subsection "Parcellation of human primary olfactory cortex".

> In the same line, the authors wrote: "Interestingly, connectivity clusters were generally more extensive in the right hemisphere compared to the left hemisphere, supporting a large body of evidence suggesting that olfactory processing is lateralized to the right side (Zatorre et al., 1992)." So, why not considering the primary olfactory cortices separately from the right and the left hemispheres? There is much to gain in showing these data.

Thank you for this comment. Interestingly, we found that across the whole-brain, connectivity was stronger between *all (both left and right)* primary olfactory areas and clusters in the right hemisphere. Importantly, this whole-brain hemispheric effect did not differ between primary olfactory cortical hemispheres---that is, both the right and left primary olfactory cortices exhibited increased right-sided whole-brain connectivity. This is a subtle distinction, and is shown in the figure displaying the common connectivity pattern (Figure 5). We clarified this in the subsection "Functional connectivity common to all subregions".

> \- The authors stated that "We then estimated the whole-brain functional connectivity profile of each voxel within the ROI by computing the Pearson correlation coefficient between the resting-state fMRI time-series of a given voxel and that of every other voxel in the rest of the brain. This resulted in subject-wise connectivity matrices, which were then averaged across all subjects." Does this mean that individual variability is not considered in the rest of the analysis? If yes, how the authors could be sure that the values in the averaged matrix are not due to a sub-sample of subjects?

This is a very important point, thank you for bringing this up. We computed the connectivity maps on an individual basis, but averaged the resulting connectivity matrices to obtain a group-connectivity map, as done previously (Kahnt et al., 2012; Kahnt and Tobler, 2017). For this, we first determined whether the connectivity structure of individual primary olfactory cortex voxels was indeed comparable across subjects. This was done using a leave-one-out analysis, which showed that there was substantial overlap, as required for averaging across subjects. We have clarified this in the second paragraph of the subsection "Parcellation of human primary olfactory cortex", where we mention averaging across subjects.

> \- In the same line, the authors wrote "To examine the similarity between the individual functional connectivity matrices, we computed a histogram of correlation values between individual matrixes and the groups matrix using a leave-one-out method (Kahnt et al., 2012). The results indicate a good similarity between the group-level and individual functional connectivity patterns (mean correlation coefficient: 0.19, standard error: 0.0041, Figure 2A).". I can understand that the notion of similarity is relative, but here the averaged r-value is less than 0.20 which means that half of the data fall within a range of 0 to 0.20. I may not understand properly this analysis but to my view it seems that these r-values are low. Could you comment on that? Moreover, the authors must mention the significativity of these correlative analyses. Even if significant, there is a need to detail how many data-points were computed in these analyses and how such low r-values can be interpreted?

These are very important points for our study, thank you for these comments. The purpose of this leave-one-out analysis was solely to determine whether we could reasonably average across the connectivity maps of individual subjects. Similar to previous studies (e.g., Kahnt et al., 2012) we expect this R value to be relatively small. Moreover, this value will likely differ across studies because it depends on study-specific differences in ROI sizes and voxel size. However, as can be seen in the histogram, most of these correlations were above zero, and because they are computed across rest-of-the-brain voxels (N=170,660), also statistically significant (R values larger than 0.0088 are significant at p\<0.05, Bonferroni corrected for the number of voxels in the primary olfactory cortex). We have clarified these points in the second paragraph of the subsection "Parcellation of human primary olfactory cortex".

> \- Participants were "instructed to look at a white fixation cross on a black background and breath in-out through their nose." As the authors know, and they are expert in the field, respiration can alter odor processing. Is there any effect of Nasal breathing on the brain imaging findings? If nasal respiration was measured, in addition to motion correction, the authors should correct for nasal breathing activity.

Excellent point. In this study, we focused on low-frequency (\< 0.1 Hz) oscillations, which are below the human respiratory frequency (typically from 0.15 -- 0.3 Hz). Although there's increasing interest in studying higher frequency brain activity using fMRI, the resting functional connectivity profile of high frequency oscillations and their relationship with respiration is not well understood. Our previous study has shown that nasal breathing can modulate local brain activity in a way that is different from oral breathing, and it would be interesting to examine whether functional networks are distinct during those two different breathing routines in future studies.
